MAP2 Expression and Neuritic
Embryonic neurons from the rat striatum and mesencephalon were plated on mesencephalic or striatal astrocytes in 4 possible combinations.
It was found that specific traits are expressed by the neurons when they are grown on homotopic astrocytes (neurons and astrocytes from the same region). These traits are the following:
1. The number of cells stained with an antibody raised against the microtubule-associated protein 2 (MAPS) is higher in homotopic than in heterotopic cocultures. This is true for both mesencephalic and striatal neurons. 2. In homotopic conditions, there is an increase in the number of cells having more primary neurites and branching points. This effect is observed for both neuronal populations but is more pronounced in mesencephalic neurons. 3. The intensity of MAP2 staining was correlated with the branching ability of the neurons. First, on comparing MAPSpositive and MAPP-negative cells, it was found that, in any combination (homotopic and heterotopic cocultures), the number of primary neurites and branching points was much higher in MAPS-positive cells. In fact, almost no branching activity was found in MAPP-negative neurons. Second, within the MAPP-positive neuronal population, the higher number of branching points observed under homotopic neuro-astroglial conditions was mostly due to the neuritic compartment, which was strongly and homogeneously stained with the anti-MAP2
antibody. These observations strongly suggest that the astrocytic environment regulates the synthesis and/or intracellular distribution of MAPS, as well as the morphology of the neurons, and that this regulation is region specific.
The outgrowth of neurites is regulated by several factors in vitro. Some soluble factors have been partially or completely purified (Levi-Montalcini, 1982; Guenter et al., 1985; Kligman and Marshak, 1985; Walicke et al., 1986) . Substrate adhesion molecules, molecules associated with substrate adhesion molecules, and cell adhesion molecules are probably involved in neuritic outgrowth since they mediate neurite-neurite or neurite-astrocyte interactions (Grumet et al., 1983 (Grumet et al., , 1985 Rutishauser, 1983; Edgar et al., 1984; Smalheiser et al., 1984; Kruse et al., 1985; Lander et al., 1985; Stallcup and Beasley, 1985) . Recently, some attention has also been focused on signals that regulate the extent and branching of the neuritic arborization and its dendritic or axonal nature. Specific lectins can promote the outgrowth of branched or unbranched neurites (Chiquet and Acklin, 1986; De George and Carbonetto, 1986) . Retinoic acid and dibutyril-CAMP induce the extension of branched and unbranched neurites, respectively, in a neuroblastoma cell line (Fischer et al., 1986) . Satellite Schwann cells modify the neuritic morphology of dorsal root ganglia sensory neurons (Mudge, 1984) . Finally, sympathetic neurons grown in vitro in the absence of satellite Schwann cells develop an axonlike unbranched neurite, while in the presence of Schwann cells a highly branched, dendrite-like microtubule-associated protein 2 (MAP2)-positive neuritic compartment can be observed (Allen and Higgins, 1986; Bruckenstein and Higgins, 1986) .
These observations suggest that axonal and dendritic outgrowth might be differentially regulated. They also suggest that in some cases, as already proposed by Denis-Donini et al. (1984) , specific neuro-astroglial interactions are involved in this regulatory process. Indeed, in a previous report we have shown that the morphological traits expressed by mesencephalic dopaminergic (DA) neurons differ depending on whether these cells are grown on their own local (homotopic) mesencephalic astrocytes or on striatal (heterotopic) ones. On heterotopic astrocytes most DA neurons display long, thin, and unbranched neurites, while on homotopic astrocytes several highly branched neurites develop. Preliminary ultrastructural studies have indicated that these 2 types of neurites may correspond to the dendrite-like and axon-like compartments characterized by the presence or absence of ribosomes, tapering constant-caliber neurites, and the shape of the branching points (Chamak et al., 1987) .
In order to examine further the possibility that it is the interactions between neurons and homotopic astrocytes that specifically favor the outgrowth of a highly branched, dendrite-like compartment, we have analyzed the morphological traits of short-term cultures of mesencephalic and striatal neurons grown on mesencephalic or striatal astrocytic monolayers in the 4 possible combinations. In addition, we have studied the expression and distribution of MAP2 in these diverse neuro-astroglial cocultures. The choice of MAP2 was based on the fact that this protein, primarily associated with neurons, is highly enriched in the dendritic compartment in vivo and in vitro (Matus et al., 1981; Caceres et al., 1984 Caceres et al., , 1986 De Camilli et al., 1984; Peng et al., 1986 ). 
Materials and Methods
Cell cultures. Astrocytcs wcrc prepared as previously described (DenisDonini et al., 1984) . Briefly, I5-d-old embryonic or postnatal day 4 rat mesencephalons and striata were dissociated in phosphate buffer, pH 7, complemented with D-glucose, 33 mM (PBS). Before dissociation in the presence of DNAse, I mg/ml (Sigma), postnatal tissues were incubated with 0.1% trypsin (Gibco). Dissociated cells were plated at the density of 5 x 104/cm2 on glass coverslips previously coated with I .5 &ml D,L-polyomithine (Sigma). Cells were cultured for 3 weeks in an equal mixture of minimum essential medium and nutrient FI 2 (Gibco) supplemented with the following: glutamine, 2 mM; glucose, 33 mM; NaHCO,. 3 mM. HEPES (DH 7.4). 5 mM: nenicillin G. 5 U/ml: strcntomycin,' 5 &ml; and 8%"heat-in&ivated'fetal calf se&m (Flow Laboratories). The cells were kept for 3 weeks with 2 changes of culture medium each week. After 3 weeks, the cultures consisted of astrocyte monolayers, as confirmed by immunocytochemistry using anti&al librillary acidic protein and anti-neurofilament antisera (Dcnis-Donini et al., 1984) .
Freshly dissociated mesencephalic and striatal cells from I5-and I6-d-old rat embryos, respectively (except as noted) wcrc sccdcd on the astrocytic monolayers at densities varying from 2.5 x 10' to 10' cells/ cm' and further cultured for 2 or 5 d in a synthetic medium supplemented with a mixture of proteins, hormones, and salts (Di Porzio et al., 1980; Prochiantz et al., 1982) .
In some cases mcsencephalic cells were directly seeded on polyornithine-coated coverslips and cultured in the chemically defined mcdium.
Preparation of MAP2 antiserum.
MAPS were separated from purified rat brain tubulin by thermodenaturation in high salt (Fellous et al., 1977) . After electrophoresis of MAPS on a 4-15% linear gradient of polyacrylamide in the presence of SDS, the bands corresponding to MAP2 were excised and used for the production of MAP2 antiserum by albino rabbits. The specificity of the antibody was checked by solidphase radioimmunoassay, immunoblotting ofwhole brain extracts, and immunostaining of cerebcllar sections.
Immunocyfochemisfry.
The coverslips were immersed for 1 hr at 4°C in freshly prepared 4% paraformaldehyde in PBS. After 3 washes with PBS containing 10% fetal calf serum and 0.1% Triton X-100 (buffer A), the cells were incubated I hr at 37°C with MAP2 antiserum diluted I:400 in buffer A. The coverslips were washed 3 times with buffer A and further incubated for 1 hr at 37°C with peroxidase-conjugated goat anti-rabbit IgG (I : 100, Amersham). The presence of the immunocomplex was revealed after 3 more washes in buffer A by a short incubation at room temperature with 0.003% H,O, and diaminobenzidine, 0.5 mg/ ml (Sigma), in Tris HCI, 50 mM, pH 7.4. Double-staining experiments with anti-MAP2 antiserum and a mouse monoclonal anti-MAP1 antibody (kindly provided by Dr. David Asai) was done as above, except that the complexes were visualized with rhodamine-conjugated goat anti-rabbit and fluorescein-conjugated goat anti-mouse IgG (Amersham), respectively.
Results
Quantitative analysis of A4AP2-positive neurons Neurons were considered to be MAP2 positive if any segment in the cell body, neurite, or arborization was strongly stained. However, staining was rarely present uniformly on the cell. Figure 1 shows some examples of stained and unstained neurons. The percentages of MAP2-positive and MAPZ-negative mesencephalic (mes) and striatal (str) neurons on mesencephalic (Gmcs) and striatal (Gstr) astrocytcs were then determined for each condition. Results shown in Table 1 for experiment 1 wcrc obtained at 2 d of coculture in serum-free medium with 14-dold (mes) or 15-d-old (str) embryonic neurons plated at low density (5 x 10' cells/cm2) on the astroglial monolayers. Under these conditions, neurons were sufficiently isolated to be examined scparatcly and could therefore be fully characterized morphologically. The data from Table 1 (experiment 1) were collected from 4 independent experiments in which 100 randomly selected neurons wet-c examined. The percentage of MAP2-positive cells was always higher in homotopic (mes/Gmes, str/Gstr) than in hctcrotopic condition (mes/Gstr, str/Gmes); these differences were statistically significant (Student's t test, p 5 0.0 1). The differences between homotopic and heterotopic conditions were more pronounced with the striatal than with the mesencephalic neurons because of the small number of positive striatal neurons in heterotopic neuro-astroglial cocultures. Several conditions that could modulate the expression of MAP2 have been assessed: (1) the age of the neurons, (2) the time in culture, (3) the age of the animals from which glial monolayers were prepared, and (4) the density ofneuronal plating. Typical results are presented in Table 1 (experiments 2 and 3). Astroglial cells prepared from postnatal day 4 (P4) gave the same results as those prepared from 15-d-old embryos, indicating that this was not an important factor. Time in culture had a marginal influence by increasing the number of positive cells in hetcrotopic cocultures. The same kind of increase was observed when neurons were prepared from 18-d-old instead of 15-d-old embryos. The most important factor was the initial neuronal plating density. It was found that the cells started to express MAP2 independently of the homotopic or heterotopic nature of the substratum, and even on a polyomithine synthetic substratum at plating densities above IO4 cells/cm2. This might be due to autoconditioning of the medium by the neurons and to the establishment of neuroneuronal contacts. In synthetic medium, however, while the percentage of non-neuronal cells was less than 5%, at high plating densities their absolute number could be sufficient to promote MAP2 expression. To avoid this complication and also to provide conditions for best analysis of the neurons, all experiments were done at low density (2.5-5 x 10' cells/cm2).
Morphological analysis of MAPZ-negative and MAP2-positive neurons
In order to assess whether MAP2 expression was associated with specific morphological traits, the morphologies of MAP2-negative and MAP2-positive neurons were compared. In these experiments, 100 positive and negative cells were randomly selected, drawn, and classified according to the number of neurites originating from the cell body (primary neurites). From these drawings histograms were constructed comparing (1) the number of primary neurites and (2) the number of branching points per neuron per class (0, 1, 2, 3, 4, or more primary neurites).
The results obtained in one of these experiments are shown in Figure 2 (number of primary neurites) and Figure 3 (number of branching points per neuron per neuronal class). In homotopic and heterotopic coculture conditions, MAP2-negative cells had few primary neurites (O-2) and no branching points. Neurons stained with MAP2 had more primary neurites, which often produced secondary and tertiary branches.
Comparison between MAPZ-positive cells in homotopic and heterotopic neuro-astroglial cocultures
The drawings of the MAP2-positive neurons also allowed us to compare the morphologies of MAP2-positive neuronal populations in both homotopic and heterotopic cocultures. Figure 4 illustrates one experiment in which 100 randomly selected MAPZ-positive neurons were drawn after 2 d in culture. With regard to either mesencephalic or striatal neurons, it is clear that neurons having 3, 4, or more neurites are more numerous on homotopic (Fig. 4 , A, C) than on heterotopic astrocytes (Fig.  4, B, D) . This finding has been consistently observed in several independent experiments and a quantification for one of these experiments is presented in Figure 2 (hatched bars). The number of branching points was also increased in homotopic versus heterotopic cocultures. This latter point was clearer with mesencephalic than with striatal neurons (Fig. 3, hatched bars) . Therefore, we conclude that MAP2-positive neurons have a higher number of primary neurites in homotopic than in heterotopic neuro-astroglial cocultures. In addition, a higher number of branching points is observed in MAP2-positive mesencephalic neurons grown in homotopic conditions. Distribution of MAP2 staining As already stated, any neuron that showed some staining, either at the level of its cell body or in some part of its arborization, was counted positive, and cells that were completely stained, or even uniformly labeled, were rare. This is demonstrated by comparing immunostaining and phase contrast (Fig. 5, A, B ) and even more clearly by double-labeling experiments with antibodies directed against MAP2 and MAP 1, another microtubule-associated protein that is not enriched in dendrites (Bloom et al., 1984; Huber and Matus, 1984) . Indeed, not all areas labeled with anti-MAP1 also stain with anti-MAP2 (Fig. 5, C,  D) . Since MAP2 has been reported to be associated mainly with the dendritic compartment, we have studied the cellular distribution of the antigen and analyzed the branching of MAP2-positive versus MAP2-negative neurites. This was done for the mesencephalic and striatal neurons in homotopic and heterotopic cocultures. Figure 5 illustrates an example of a neuron having MAP2-positive and MAP2-negative neurites. Some neurites that are largely MAP2 negative (and therefore considered as such) nevertheless may have some faintly labeled varicosities disposed more or less regularly along the neurite (Fig. 5A) . Negative neurites can grow directly from the cell body, be in continuity with a heavily stained segment, or depart from one strongly labeled neurite. Most of them are long, thin, and straight, with few branching points, and represent the major neuritic population under heterotopic neuro-astroglial coculture conditions. MAP2-positive neurites are usually shorter and thicker. The staining is generally more intense in the vicinity of the cell body and appears to fade as the neurite tapers; these neurites seem to present more branching points than MAP2-negative neurites and to be more numerous in homotopic neuro-astroglial cocultures.
We have quantified the number of branching points in the heavily and lightly stained net&es. The branching points were classified into 3 categories, as schematized in Figure 6 . Either the branches (mother and daughter branches) had the same staining intensity or one or more of these branches was less intensely stained. The differences between the total number of branching points in homotopic and heterotopic cocultures can be attributed to the high branching ability of the heavily stained net&es.
Discussion
In this paper we report that both the expression of cytoskeletal protein MAP2 and the shape of brain neurons can be regulated in culture by the glial environment. Specifically, neurons from 2 different brain regions (the mesencephalon and the striatum) exhibit enhanced MAP2 staining and produce more branching primary neurites when plated on homotopic than on heterotopic astrocytes. In addition, neurites that are strongly positive for MAP2 exhibit enhanced branching ability.
The results confirm our previous observations on mesencephalic dopaminergic neurons and extend them to other nondopaminergic and striatal neuronal populations (Denis-Donini et al., 1984) . Although such a regulatory effect of in vitro environmental conditions on neuritic morphology and MAP2 expression has already been reported (Allen and Higgins, 1986; Bruckenstein and Higgins, 1986; Fischer et al., 1986 ) the importance of region-specific interactions has seldom been examined.
The specificity of the morphogenetic influence of non-neuronal cells on neuronal development was suggested by Mudge (1984) , however, who showed that the typical T-shape of the sensory neuron arborization is obtained in culture only with the addition of Schwann cells and not with fibroblasts, astrocytes, or various other cell lines. As reported here, it appears that, even within a single class of non-neuronal cell, regional variations exist that are important to the specificity of the interaction.
This specific effect of the homotopic conditions is demonstrated by the fact that the overall complexity of all striatal and mesencephalic neurons is higher in homotopic than in heterotopic neuro-astroglial cocultures. Among these neurons the MAP2-positive neurons are more numerous in homotopic cocultures and have more primary neurites and branching points than the MAP2-negative cells. Finally, the MAP2-positive neurons present in homotopic cocultures are morphologically more complex than those present in heterotopic cultures.
The expression of MAP2 normally increases with neuronal maturity (Crandall et al., 1986) . Indeed, even in heterotopic conditions the number of MAPZpositive cells increases with time in vitro or with the age of the embryos from which the rza mes/Gme: ZI str/Gmes zld str/Gstr A Figure 6 . Number of branching points for MAP2-positive and/or MAP2negative neurites compared in homo-and heterotopic neuroastroglial cocultures. Each panel is the result of the examination of 100 neurons taken at random and drawn with the help of a light chamber. For each neuron, heavily stained (-) and lightly stained (---) neurites were distinguished. This allowed us to classify the branching points into the 3 categories shown.
neurons are prepared. Therefore, the increased percentage of MAP2-positive neurons in homotopic versus heterotopic neuroastroglial cocultures very likely reflects a region-specific maturational effect of the astrocytes. Measurement of absolute quantities of neuronal MAP2 would seem a more direct test, but astroglial cells, while never stained with MAP2 antibody under our conditions (Figs. 1,5 ), nevertheless synthesized this antigen, as demonstrated by immunoprecipitation (not shown) and as reported by Bloom et al. (1984) and Couchie et al. (1985) . Therefore, variations in coculture could not have been attributed with certainty to the neuronal compartment.
The shape of the arborization and the distribution of MAP2 suggest that homotopic coculture conditions might favor the development of a dendrite-like compartment. Since it has been consistently reported that MAP2 is a rather specific dendritic marker (Matus et al., 1981; Caceres et al., 1984; De Camilli et al., 1984 ) the increase in MAP2 staining could therefore reflect an increase in the growth of the dendrites. One must remain cautious in making this interpretation, however, since Caceres et al. (1986) have shown that MAP2 is present in immature axons and is later redistributed into the dendritic compartment. Nonetheless several lines of evidence indicate that, in our culture conditions, MAP2 accumulates in a dendrite-like compartment that develops faster in homotopic than in heterotopic neuroastroglial cocultures. First, MAP2 is unevenly distributed within the cell, as shown by the double labeling with anti-MAP1 and -MAP2 antibodies and by comparing phase-contrast pictures to immunostaining with MAP2. Second, cells that do not present any MAP2 immunoreactivity have no branching points. Third, the additional branching points that appear in homotopic cocultures are specifically associated to neurites most heavily stained by MAP2 antibodies. Despite these data, the definitive demonstration that homotopic neuro-astroglial coculture conditions favor the outgrowth of MAP%-positive dendrites will require direct observation of the MAP2-containing neurites at the ultrastructural level. These experiments are presently in progress.
The Journal of Neuroscience, October 1987, 7(10) 3169 The molecular mechanisms leading to enhanced MAP2 expression and outgrowth of a dendrite-like compartment are unknown. Among several hypotheses, one may postulate the involvement of region-specific neuronotrophic factors. Such a possibility is supported by the fact that NGF promotes the in vitro maturation of central cholinergic neurons and presents a specific distribution in the brain (Honneger and Lenoir, 1982; Hefti et al., 1985; Korshing et al., 1985; Martinez et al., 1985; Levi-Montalcini and Aloe, 1986; Witthmore et al., 1986) .
The possible involvement of local neuronotrophic factors does not preclude other mechanisms. Among these, one can postulate the existence of local isoforms of cell and substratum adhesion molecules generated by alternative splicing or posttranslational modification. In some cases, the regulation of surface molecule synthesis or modification could even be under the control of a soluble factor, as suggested by the recent discovery that NILE (NGF-inducible large external protein), neuron-glia adhesion molecule (NgCAM), and surface glycoprotein Ll are probably identical (Bock et al., 1985; Friedlander et al., 1986; Sajovic et al., 1986) .
